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Interface  reactivity  between  Lao.eSro^Cot^Feo.sO^  (LSCF)  cathode  material  and  metallic  interconnect 
(Crofer22APU)  was  investigated  in  laboratory  air  at  700  °C.  Due  to  the  interconnect  geometry,  two  inter¬ 
faces  have  been  analysed:  (i)  interconnect  rib/cathode  interface  (physically  in  contact);  (ii)  the  interface 
under  the  channel  of  interconnect.  In  both  cases,  formation  of  a  parasite  phase  was  observed  after  var¬ 
ious  ageing  treatments  (20  h,  lOOh  and  200  h).  However,  the  growth  of  the  determined  SrCr04  parasite 
phase  depends  on  interface  type  and  on  ageing  time.  Two  different  mechanisms  have  been  established 
in  function  of  interface  type:  (i)  SrCr04  phase  was  formed  after  solid  state  diffusion  of  Cr  from  metallic 
interconnect  to  the  cathode;  (ii)  gas  phase  reaction  induced  formation  of  SrCr04  under  the  channel  of 
interconnect.  Finally,  the  influence  of  a  chemical  etching  on  cathode/interconnect  reactivity  was  evalu¬ 
ated. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cells  (SOFCs)  are  one  of  the  modern,  alterna¬ 
tive  energy  sources  that  are  receiving  a  lot  of  attention.  Indeed, 
SOFCs  are  an  environmentally  friendly  and  most  efficient  power 
generation  technology  with  low  greenhouse  gas  emission.  These 
systems  convert  directly  the  chemical  energy  of  fuels  into  elec¬ 
tricity  without  combustion  and  mechanical  process  [1  ].  Moreover, 
they  have  attracted  significant  attention  due  to  their  high  effi¬ 
ciency,  fuel  flexibility  and  environmental  advantages  [2].  Recent 
researches  permitted  to  decrease  the  operating  temperature  of 
SOFCs  from  800-1000  °C  to  600-800  °C.  This  reduction  in  operating 
temperature  enables  the  use  of  metallic  materials  with  higher  elec¬ 
tronic  conductivity,  better  mechanical  property,  higher  thermal 
conductivity,  better  workability  and  lower  cost  to  replace  ceramic 
materials  as  the  interconnect  [3-5].  Note  that  interconnect  is  one 
of  the  key  components  in  planar  SOFCs  to  connect  electrically  indi¬ 
vidual  cells  in  series  to  make  stack  and  generate  high  power  output 
with  high  voltage  [6]. 

In  one  hand,  interconnects  must  exhibit  excellent  electrical  con¬ 
ductivity  and  excellent  oxidation  resistance  in  air  and  in  H2/FI2O 
atmosphere.  It  should  display  exceptionally  low  permeability  for 
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oxygen  and  hydrogen  to  minimize  the  direct  combination  of  oxi¬ 
dant  and  fuel  during  cell  operation;  it  should  possess  fairly  good 
thermal  conductivity  (5Wm-1I<-1  is  considered  to  be  the  low 
limit)  and  its  thermal  expansion  coefficient  (TEC)  should  be  compa¬ 
rable  to  those  of  electrodes.  Moreover,  interconnects  must  exhibit 
chemical  and  physical  compatibility  and  stability  with  adjoining 
electrodes.  Chromia  forming  alloys  are  very  good  candidates  as 
metallic  interconnects  because  of  their  good  matching  in  thermal 
expansion  with  other  components  of  the  SOFC  [7].  Cofer22APU 
material,  which  is  one  of  them,  has  been  developed  especially  as 
SOFCs  interconnects  [8-10]  for  an  operating  temperature  above 
800  °C. 

On  the  other  hand,  reduction  of  the  electrolyte  thickness, 
development  of  new  electrode  and  electrolyte  materials,  like 
(La,Sr)(Co,Fe)03_5  (LSCF),  allowed  to  decrease  operating  temper¬ 
ature  of  SOFCs  to  600-800  °C.  Lanthanum  cobalt  ferrite-based 
perovskites,  (La,Sr)(Co,Fe)03_5,  have  been  widely  investigated  as 
possible  cathodes  for  intermediate-temperature  SOFCs  (ITSOFCs) 
because  they  have  high  ionic  and  electronic  conductivity,  good 
catalytic  activity  and  oxygen  permeability  [11-15].  This  work  is 
included  in  the  IDEAL  Cell  (Innovative  Dual  mEmbrAne  fueL  Cell) 
project  (Seven  Framework  Programme:  2008-2012).  This  inno¬ 
vative  fuel  cell,  which  is  composed  of  anodic  part  of  protonic 
conducting  fuel  cell  and  cathodic  part  of  SOFC,  is  working  at 
around  600-700  °C  [16].  In  IDEAL  Cell  conditions,  the  cathode 
part  is  La0.6oSro.4oCoo.2oFe0.8o03-5  (LSCF);  this  composition  leads 
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Fig.  1.  Cathode  surface  after  sintering  at  900  °C  for  5  h  under  laboratory  air. 


to  the  best  compromise  between  a  high  electronic  conductivity 
and  a  good  thermo-mechanical  compatibility  with  the  electrolyte 
material  (Y0.i5Ce0.85O2_5)  involved  in  the  IDEAL  Cell  cathodic  part 
[17,18]. 

So,  it  appears  necessary  to  investigate  the  reactivity  between 
cathode  material  (LSCF)  and  interconnect  (Crofer22APU)  at  700  °C. 
Previous  studies  have  demonstrated  that  a  protective  chromia  scale 
grows  on  the  surface  at  high  temperature  and  confers  a  good  cor¬ 
rosion  resistance  [4,19].  But,  chromium  gaseous  phases,  such  as 
Cr03  or  Cr02(0H)2,  vaporized  from  the  chromia-forming  alloy,  can 
have  a  poisoning  effect  on  electrodes  [20]  and  leads  to  a  rapid 
deterioration  of  the  performance  of  SOFC  [21-23].  Crofer22APU 
was  developed  to  form  a  stable  oxide  scale  such  (Mn,Cr)304  spinel 
phase  on  top  layer.  The  formation  of  this  spinel  top  layer  leads 
to  a  significant  reduction  in  Cr  vaporization.  Indeed,  the  volatil¬ 
ity  of  Cr  from  spinel  is  lower  than  from  chromia  [24,25].  We  have 
already  observed  the  formation  of  SrCr04  at  the  LSCF/Crofer22APU 
interface  [18].  SrCr04  is  non  conductive  and  its  formation  leads  to 
lowering  in  cathode  conductivity  and  in  cathode  porosity  [23,26]. 
Moreover,  in  lanthanum  strontium  cobaltites,  a  decrease  in  the  Sr 
component  -  due  to  the  formation  of  SrCr04  -  leads  to  a  modifica¬ 
tion  of  the  thermal  expansion  coefficient  [17,26].  SrCr04  formation 
is  thermodynamically  favored  and  kinetically  fast.  So  this  parasite 
phase  will  be  harmful  for  the  long  term  stability  of  the  fuel  cell  [26]. 

In  this  study,  formation  of  SrCr04  parasite  phase  at  the  cathode 
(LSCF)/interconnect  (Crofer22APU)  interface  will  be  highlighted  in 


function  of  ageing  time  and  interface  type  (two  different  mech¬ 
anisms  will  be  suggested).  Previous  experiments  showed  that  a 
pre-oxidation  treatment  of  interconnects  was  not  effective  to  pro¬ 
tect  Cr  poisoning  of  the  LSCF  cathode  [27].  In  real  SOFCs  working 
conditions,  electrical  contact  layers  (usually  formed  by  cathode 
elements)  are  often  applied  between  the  interconnects  and  elec¬ 
trodes  during  construction  of  a  SOFC  stack,  in  order  to  reduce 
electrode/interconnect  interfacial  resistances  [28,29].  One  method 
is  to  apply  a  cathode  ink  layer  on  the  interconnect  surface.  If  the 
interconnect  surface  is  smooth  it  is  not  possible  to  have  a  good 
adhesion.  In  order  to  obtain  a  rough  surface,  a  chemical  etching  has 
been  performed  on  interconnect  by  using  an  acid  bath.  The  influ¬ 
ence  of  a  chemical  etching  on  cathode/interconnect  reactivity  was 
also  evaluated. 


2.  Materials  and  methods 

2.1.  Samples  preparation 

Cathode  La0.6Sr0.4Co0.2Feo.803-5  (LSCF)  powder  was  provided  by 
Marion  Technologies.  The  synthesis  process  and  the  properties  of 
these  nanometric  powders  have  been  described  in  a  previous  study 
[18].  Cathode  powder  was  cold  pressed  (8  min  under  75  MPa)  into 
pellets  of  1 0  mm  diameter.  Then,  pellets  were  sintered  5  h  at  900  °C 
under  laboratory  air  (heating  and  cooling  ramp  equal  to  1 00  °C  h-1 ) 
in  order  to  obtain  a  relative  density  around  50%.  Morphology  of 
cathode  pellet  after  sintering  is  showed  in  Fig.  1. 

Concerning  interconnect  material,  the  Crofer22APU  fer¬ 
ritic  stainless  steel  (Cr  =  22wt.%,  C  =  0.01wt.%,  Mn  =  0.5wt.%, 
Ti  =  0.08wt.%,  La  =  0.06wt.%  and  Fe  balance)  was  provided  by 
ThyssenKrupp  VDM.  Interconnect  samples  were  cut  into  coupons 
(10  mm  x  10  mm  x  1  mm),  polished  from  240  to  1200-grit  silicon 
carbide  and  finally  cleaned  with  ethanol.  As  shown  in  Fig.  2(a), 
channels  were  machined  on  one  side  of  these  coupons  to  simulate 
the  classical  geometry  of  interconnectors. 

2.2.  Oxidation  tests  under  air  at  700  °C 

In  order  to  study  reactivity  between  cathode  and  metallic 
interconnect  in  SOFCs,  sandwich  geometries  composed  of  cathode 
pellets  in  contact  with  interconnects  material  (Fig.  2(a))  were  aged 
for  20,  100  and  200  h  at  700  °C  in  laboratory  air.  To  study  atmo¬ 
sphere  moisture  influence,  a  sample  in  contact  with  an  interconnect 
was  aged  in  dry  air  for  1 00  h  at  700  °C. 

After  thermal  treatments,  two  different  areas  were  observed  at 
the  cathode/interconnect  interface  (Fig.  2(b  and  c)).  The  first  one 
corresponds  to  the  cathode/interconnect  rib  interface  and  the  sec¬ 
ondly  to  the  cathode/interconnect  channel  interface. 


Fig.  2.  (a)  Cathode  on  interconnect  before  ageing  test,  (b)  cathode  pellet  surface  after  ageing  at  700  °C  and  (c)  interconnect  surface  after  ageing  at  700  °C  in  laboratory  air. 
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Table  1 

Acid  bath  composition. 


H2S04  (wt.%)  Na2S203 -5H20  (g  L-1  ^ 

)  C3H40(molL- 

-1) 

T(°C) 

t(min) 

5  1.25 

0.06 

60 

25 

Table  2 

Surface  excess  before  and  after  sintering  at  900 c 

C  for  5  h  compared  to  theoretical 

composition  of  a  LSCF  cathode  pellet. 

Element 

La 

Sr 

Co 

Fe 

O 

Theoretical  at.%  composition  for 

12 

8 

4 

16 

60 

Lao.6  Sro.4Coo.2  Feo.8  03±($ 

%  gap  between  real  and  theoretical 

-2 

-2 

+1 

-2 

+5 

composition 

Surface  excess  after  sintering 

-3 

+3 

-4 

-8 

+12 

referred  to  real  at.%  composition 

In  order  to  obtain  a  rough  interconnect  surface,  in  the  case 
that  a  contact  ink  layer  has  to  be  applied  on,  a  chemical  etching 
was  performed  on  interconnect  by  using  an  acid  bath.  “Conver¬ 
sion  bath”  used  for  chemical  etching  is  a  solution  formed  by 
sulphuric  acid,  sodium  thiosulfate  (corrosion  activator)  and  propar- 
gylic  alcohol  (corrosion  inhibitor).  Different  conditions  (time  and 
temperature)  and  concentrations  were  tested  in  a  previous  work 
[30].  The  composition  of  the  bath  is  given  in  Table  1.  Condi¬ 
tions  used  are  the  best  for  steel  grade  studied.  After  chemical 
etching,  stainless  steel  samples  were  washed  with  distilled  water 
and  dried  at  100  °C  for  1  h.  Finally,  a  heat-treatment  (450  °C 
for  2h)  was  applied  to  generate  a  new  phase  at  the  surface  of 
the  interconnect.  Three  different  etching  times  were  performed: 


300 

145  140  135  130  125  120 

Binding  Energy  (eV) 


Fig.  3.  XPS  Sr  3d3/2-d5/2  spectrum  of  LSCF  cathode  pellet  after  sintering  for  5  h  at 
900  °C. 

25  min,  1  h  and  2  h.  After  the  chemical  treatment,  interconnects 
were  aged  on  LSCF  pellets  for  20,  100  and  200  h  in  laboratory 
air. 

Cathodes  and  interconnects  surfaces  were  analyzed  succes¬ 
sively  by  scanning  electron  microscopy  (SEM  -  JEOL  JSM  6400F) 
coupled  with  energy  dispersive  X-ray  analysis  (EDX  -  Oxford 
Instrument  INCA  ENERGY  microprobe  analyzer  with  pure  Co  used 
as  standard  material),  X-ray  diffraction  (XRD  -  INEL  CPS  1 20  diffrac¬ 
tometer  with  CuKa  radiation  source  for  phase  identification)  and 
X-ray  photoemission  spectroscopy  (XPS  -  PHI  5000  Versa  Probe). 
Moreover  interconnect  surface  was  characterized  by  secondary  ion 
mass  spectroscopy  (SIMS-CAMECA-RIBER  MIQ256). 


Under  the 
channels 
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Fig.  4.  Cathode  surfaces  after  ageing  at  700  °C  in  laboratory  air. 
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Fig.  5.  Low  angle  XRD  analysis  of  the  surface  of  cathode  sample  (a)  under  the  rib  and  (b)  under  the  channel  of  the  interconnect. 
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Fig.  6.  Rib  area  on  interconnect  surface  after  ageing  at  700  °C  in  laboratory  air  (a)  in  contact  with  cathode  pellet,  (b)  not  in  contact  with  cathode  pellet. 
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Fig.  7.  Low  angle  XRD  analysis  of  rib  area  on  interconnect  surface  after  ageing  test  at  700  °C,  (a)  in  contact  with  cathode  pellet,  (b)  not  in  contact  with  cathode  pellet. 
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Fig.  8.  Channel  area  on  interconnect  surface  after  ageing  at  700  °C  in  laboratory  air. 


Fig.  9.  SIMS  analysis  of  interconnect  surface  after  200  h  ageing  at  700  °C  in  labora¬ 
tory  air  with  a  LSCF  cathode  pellet. 


3.  Results 

3.  \ .  Ageing  tests  under  air  at  700 0  C 

Prior  to  ageing  tests,  LSCF  cathode  pellet  was  characterized. 
XPS  analyses  were  achieved  before  and  after  sintering  treatment 
(900  °C,  5h).  Even  though  original  surface  presented  a  deviation 
from  expected  stoichiometry,  XPS  analysis  after  sintering  showed 
an  enrichment  of  the  surface  in  Sr  and  O  (Table  2).  We  focused 
mainly  on  XPS  spectra  after  sintering.  Binding  energy  measure¬ 
ments  were  made  with  reference  to  the  C  Is  peak  at  285 eV. 
The  Sr  3d3/2  and  3d5/2  spectrum  presents  two  doublets.  The  first 
is  at  binding  energies  134.6eV  and  132.8  eV  and  the  second  at 
136.0  eV  and  134.5  eV  (Fig.  3).  Sr  peaks  are  closed  to  the  ones 
attributed  to  strontium  surface  and  the  occurence  of  two  doublets 
indicate  the  presence  of  strontium  in  different  chemical  surround¬ 
ing  [31].  Moreover,  Sr  peak  position  at  132.8  eV  and  Ols  binding 
energy  at  528.5  eV  are  consistent  with  SrO  [32,33].  We  noticed 
that  an  O  Is  peak  at  531.1  eV  is  observed.  The  attribution  of 
this  peak  is  not  clear  in  literature  and  could  arise  from  various 
sources:  a  carbonate,  a  hydroxyl  group,  a  low  coordinated  oxygen 
ion  [34-36].  During  sintering  treatment,  Sr  diffused  through  the 
bulk  to  the  surface  and  combined  with  oxygen  in  order  to  form 
SrO. 

Initially  ageing  tests  were  carried  out  under  laboratory  air.  Reac¬ 
tivity  study  was  first  focused  on  cathode  pellet.  For  both  interfaces 
-  under  the  rib  and  under  the  channel  -  dark  big  grains  and  smaller 
clearer  grains  are  observed  by  SEM  (Fig.  4).  Under  the  ribs  a  coars¬ 
ening  of  the  dark  big  grains  in  function  of  ageing  time  can  be 
observed.  EDX  analysis  shows  that  small  clear  grains  correspond 
to  the  cathode  elements  (La,  Sr,  Co  and  Fe).  On  the  contrary,  dark 
grains  are  formed  by  elements  from  the  cathode  and  from  the  inter¬ 
connect  (Sr,  Cr  and  0  in  molar  ratio  around  1:1:4).  This  new  phase 
which  appears  at  the  cathode/interconnect  interface  during  ageing 
tends  to  the  SrCr04  composition.  Low  angle  XRD  patterns,  pre¬ 
sented  in  Fig.  5,  confirm  the  formation  of  the  SrCr04  phase  at  the 
different  interfaces.  Moreover,  XPS  analyses  were  carried  out  on 
cathode  surface  after  treatments.  Binding  energy  measurements 
were  made  with  reference  to  the  C  Is  peak  at  285 eV.  The  Sr  3d 
doublet  position  was  determined  near  133.6  and  135.8  eV.  The  O 
Is  peak  position  was  found  at  531.2  eV.  Moreover,  the  Cr  2p  bind- 
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Fig.  10.  Cathode  surfaces  (a)  under  the  channel  and  (b)  under  the  rib  after  ageing  at  700  °C  in  dry  air. 
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Fig.  11.  Cathode  surfaces  under  the  ribs  of  interconnects  after  ageing  at  700  °C  in  laboratory  air. 


ing  energy  was  around  580.6  eV.  These  values,  which  are  in  good 
agreement  with  literature,  are  attributed  to  the  SrCr04  compound 
[37,38]. 

Second,  reactivity  study  was  performed  on  interconnect.  Mor¬ 
phology  of  surface  rib  area  in  contact  with  cathode  pellet  (Fig.  6(a)) 
is  different  from  surface  rib  area  not  in  contact  (Fig.  6(b)).  In  this 
case  cubic  grains,  which  correspond  to  (Cr,Mn)304  spinel  structure 
identified  by  low  angle  XRD  (Fig.  7(b)),  are  observed  for  the  top 
layer.  Under  this  layer,  chromia  grains  enriched  in  Fe  are  charac¬ 
terized.  In  the  first  case  only  one  kind  of  grains  seems  to  be  present 
and  cubic  grains  are  not  observed.  XRD  analysis  (Fig.  7(a))  reveals 
the  formation  of  Mn203,  the  presence  of  chromia  enriched  in  Fe 
and  (Cr,Mn)304,  as  minority  phase.  Morphology  of  surface  channel 
area  (Fig.  8)  is  similar  to  surface  rib  area  not  in  contact  with  cathode 
pellet:  (Cr,Mn)304  cubic  grains  as  top  layer  and  smaller  chromia 


grains  enriched  in  Fe  as  bottom  layer  can  be  observed.  EDX  analy¬ 
sis  of  channels  and  ribs  reveals  only  the  presence  of  Crofer22APU 
elements  (Fe,  Cr  and  Mn)  and  cathode  characteristics  elements  (Co, 
La,  Sr)  are  not  detected. 

SIMS  analyses  were  carried  out  on  interconnect  surface  aged 
200  h  at  700  °C  in  order  to  analyze  the  extreme  surface  diffusion 
(~2-3  nm).  As  shown  in  Fig.  9,  only  Crofer22APU  typical  elements 
(Fe,  Cr,  Mn  and  Ti)  were  detected  in  both  interfaces  (LSCF  pellet  in 
contact  or  not  with  the  interconnect).  So,  there  is  no  diffusion  of  La, 
Sr  and  Co  from  cathode  to  interconnect.  The  areas  in  contact  with 
cathode  pellet  are  richer  in  Fe  and  Mn,  while  the  areas  not  directly 
in  contact  are  richer  in  Cr.  We  can  conclude  that  (Cr,Mn)304  spinel 
phase  doesn’t  cover  totally  interconnect  surface  in  the  areas  which 
have  been  directly  in  contact  with  cathode  pellet,  but  a  new  phase 
(Mn203)  formed. 
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Additional  ageing  tests  have  been  carried  out  for  1 00  h  at  700  °C 
under  dry  air.  SEM  and  EDX  analyses  performed  on  cathode  pel¬ 
let  surfaces  revealed  that  the  growth  of  SrCr04  phase  was  avoided 
under  channels  and  limited  under  ribs  (Fig.  10). 

3.2.  Ageing  tests  in  laboratory  air  after  chemical  etching 

SEM  micrographs  of  cathode  surfaces  under  the  ribs  of  inter¬ 
connects  are  presented  in  Fig.  11.  For  all  chemical  etchings,  two 
kinds  of  grains  can  be  observed  after  20  h  of  ageing.  EDX  analysis 
shows  that  dark  grains  are  formed  by  Cr,  Sr  and  O  in  molar  ratio 
around  1:1:4.  Based  on  the  previous  ageing  tests,  we  affirm  that  it 
corresponds  to  SrCr04  grains.  Between  these  grains,  clearer  smaller 
grains  were  formed  by  cathode  elements.  Note  that  an  increase  of 
the  SrCr04  grain  size  is  observed  in  function  of  chemical  etching 


time  (20  h  ageing).  For  longer  ageing  test  (lOOh),  the  grains  of  the 
parasite  phase  formed  a  quite  uniform  layer  on  the  cathode  surface. 

SEM  micrographs  of  cathode  surfaces  under  the  channels  of 
interconnects  are  presented  in  Fig.  12.  Only  one  kind  of  grains  can 
be  observed  after  20  h  of  ageing  (cathode  elements).  On  the  con¬ 
trary,  SrCr04  isolated  grains  appeared  for  longer  ageing  test  (100 
and  200  h)  and  are  separated  by  smaller  grains  formed  by  cathode 
elements. 

Finally,  interconnects  surfaces  were  analyzed  by  SEM  and  EDX. 
Fig.  13  shows  interconnect  surface  before  chemical  etching  and 
oxidizing  at  450  °C,  but  before  ageing  tests.  Morphology  presents 
roughness  which  are  important  to  promote  the  adhesion  of  a  cath¬ 
ode  ink  layer  in  the  case  of  a  contact  layer  is  applied  between  the 
interconnect  and  electrode.  After  ageing  tests  at  700  °C,  all  surfaces 
observed  have  the  same  morphology.  It  is  interesting  to  note  that 
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Fig.  13.  Surface  of  interconnect  after  chemical  etching  and  oxidizing  at  450  °C. 
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Fig.  14.  Surface  of  the  interconnect  chemical  etched  after  ageing  at  700  °C  in  labo¬ 
ratory  air. 

cubic  (Cr,Mn)304  spinel  grains  were  more  concentrated  at  grains 
boundaries  (Fig.  14).  This  indicates  that  grain  boundaries  act  as  fast 
diffusion  paths  for  Mn  and  Cr  [39]  in  the  case  of  the  interconnects 
chemically  etched. 

4.  Discussion 

4.  \ .  Mechanism  proposed  for  SrCr04 

Formation  of  parasite  SrCr04  phase  has  been  highlighted  (SEM, 
XRD,  XPS  analyses),  in  the  previous  section,  for  both  interfaces 
(rib  and  channel)  after  ageing  and  is  in  agreement  with  literature 
[6,21-23,40].  Flowever,  as  presented  on  Fig.  4,  the  growth  of  this 
phase  is  depending  on  time  and  on  interface  type.  On  the  surface  of 
cathode  sample,  under  the  ribs  of  the  interconnects,  SrCr04  grains 
form  a  quite  uniform  layer  in  the  case  of  100  and  200  h  ageing.  On 
the  contrary,  the  cathode  surface  under  the  channel  of  intercon¬ 
nect  is  not  totally  covered  by  the  SrCr04  phase  (for  all  ageing  time) 
but  an  increase  of  the  grain  size  in  function  of  ageing  time  can  be 
noticed  (Fig.  4).  This  observation  -  changes  in  reaction  rate  in  func¬ 


tion  of  interface  type  -  confirms  that  different  physico-chemical 
mechanisms  are  involved. 

We  consider  that  transport  of  Cr  from  interconnect  to  cathode 
surface  is  probably  dominated  by  solid  phase  diffusion  under  the 
rib.  On  the  contrary,  vapour  phase  diffusion  of  Cr  species  under  the 
channel  is  suggested.  These  assumptions  are  in  agreement  with 
literature  [6,22]. 

For  solid  state  diffusion  the  follow  mechanism  is  suggested: 
SrO(s)  +  (Cr,  Mn)304(s)  +  02(g)  -+  SrCr04(s)  +  Mn203(s) 

During  solid  state  diffusion  Cr  from  the  (Cr,Mn)304  interconnect 
top  layer  reacts  quickly  with  SrO  formed  at  the  cathode  surface  after 
sintering  treatments  and  SrCr04  phase  forms.  Its  formation,  and 
the  consequent  chromium  loss,  destabilize  (Mn,Cr)304  spinel  phase 
which  naturally  formed  on  Crofer  22  APU  surface  during  isotherm 
ageing.  A  new  phase,  Mn203,  forms. 

The  vapour  deposition  process  of  Cr  species  on  LSCF  cathode 
surface,  based  on  the  one  proposed  by  Jiang  et  al.,  can  be  written  as 
follow  [22,40]: 

2Cr203(s)  +  4H20(g)  +  302(g)  4FI2Cr04(g) 

FI2Cr04(g)  +  SrO(S)  -►  SrCr04(S)  +  H20(g) 

The  first  step  corresponds  to  the  formation  of  chromia  protec¬ 
tive  layer  at  the  interconnect  surface  for  high  temperature.  Then, 
water  vapour  present  in  laboratory  air  reacts  with  Cr  evaporated 
from  this  layer  in  order  to  form  chromium  (VI)  oxide  or  chromic 
(VI)  acid.  Chromium  transport  occurs  primarily  through  the  forma¬ 
tion  of  Cr6+  containing  species  such  as  Cr03  or  FI2Cr04  [41  -43 ].  The 
partial  pressure  of  Cr03  is  independent  of  moisture  content.  On  the 
contrary,  FI2Cr04  partial  pressure  is  directly  depended  on  mois¬ 
ture  content  [44].  Flowever,  the  dominant  species  in  air  containing 
moisture  is  FI2Cr04.  Cr03  is  also  an  important  gaseous  chromium 
species,  but  at  low  water  contents  and  high  temperatures  (over 
1000°C)  [45,46].  At  this  temperature  its  concentration  in  moist 
air  is  approximately  as  much  as  in  dry  air  [46].  Flowever  Cr03  is 
essentially  not  present  at  700  or  800  °C  [44,47]. 

So,  in  laboratory  air  and  at  700  °C,  Cr6+  species  formed  is  chromic 
(VI)  acid.  The  chromic  gas  compound  combines  with  SrO  formed  at 
the  cathode  surface  to  produce  SrCr04  parasite  phase  after  sinter¬ 
ing  in  the  final  step.  The  formation  of  the  parasite  phase  is  more 
significant  at  the  rib  interface,  which  indicates  that  the  solid  state 
diffusion  is  faster  than  gas  phase  reactions. 

Results  obtained  under  dry  air  confirm  the  gas  phase  mechanism 
suggested  and  the  major  role  played  by  water  vapour.  Indeed  gas 
phase  reaction  depends  on  the  concentration  of  gaseous  chromium 
compounds.  They  are  greatly  reduced  working  at  700  °C  under  dry 
air.  It  is  interesting  to  note  that  formation  of  SrCr04  under  ribs  is 
resulting  of  two  contributions:  solid  state  reaction  (always  possi¬ 
ble)  and  gas  phase  mechanism  (greatly  reduced  under  dry  air). 

To  our  point  of  view,  under  laboratory  air,  the  contribution 
of  gas  reaction  under  the  ribs  is  due  to  the  surface  roughness 
of  the  system.  A  small  amount  of  gas  can  flow  trough  the  inter¬ 
connect/cathode  solid  interface  and  react  with  SrO  (i.e.  the  solid 
interface  is  not  completely  gastight). 

4.2.  Chemical  etching  effects 

An  increase  of  SrCr04  grain  size  depending  on  chemical  etching 
time  can  be  noticed.  This  suggests  that  bigger  grains  -  especially 
for  2  h  chemical  etching  -  were  formed  earlier  to  the  other  one 
(25  min  and  1  h  chemical  etching).  The  200  h  ageing  test  shows  that, 
even  for  the  25  min  chemical  etching,  the  SrCr04  layer  covers  much 
of  cathode  surface  with  a  coarsening  of  the  grains.  Compared  to 
the  initial  interconnect,  the  chemical  etched  Crofer22APU  seems 
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to  have  a  beneficial  effect  for  the  beginning  period  of  ageing  (20  h) 
for  a  chemical  etching  time  equal  at  25  min.  Indeed,  the  formation 
of  SrCr04  grains  is  reduced.  But  this  treatment  is  not  efficient  to 
avoid  the  growth  of  SrCr04  layer  under  ribs  for  long  term  ageing 
(100  and  200  h). 

Note  that  it  is  not  necessary  to  extend  chemical  etching  more 
than  25  min  in  order  to  obtain  better  protection.  After  ageing,  cath¬ 
ode  pellet  surface  in  contact  with  Crofer22APU  chemically  etched 
is  quite  different  from  those  without  chemical  etching.  The  forma¬ 
tion  of  SrCr04  is  avoided  under  20  h  ageing  and  decreased  for  100 
and  200  h.  In  fact,  number  and  size  of  SrCr04  grains  are  reduced. 
Consequently,  they  were  not  in  contact  and  cannot  form  a  uni¬ 
form  parasite  layer.  The  chemical  etching  permits  to  decrease  the 
formation  of  SrCr04  layer  under  channels  (even  for  200  h  ageing). 

It  seems  that  chemical  etching  promotes  the  growth  of  the  spinel 
(Cr,Mn)304  phase  at  grain  boundaries.  Spinel  phase  did  not  act  like 
a  barrier  for  Cr  solid  state  diffusion  but  it  permitted  to  decrease  the 
vaporization  of  Cr.  This  suggests  that  grain  boundaries  play  a  major 
role  in  the  vapor  phase  reaction. 

It  will  be  interesting  to  perform  a  chemical  etching  shorter  than 
25  min.  Moreover  -  in  future  works  -  development  of  protective 
coatings  seems  to  be  promising  to  avoid  SrCr04  formation  under 
ribs  [19]. 

5.  Conclusions 

After  ageing  tests,  formation  of  parasite  SrCr04  phase  was 
observed  and  characterized  at  the  LSCF  cathode/Crofer22APU  inter¬ 
connect  interfaces.  This  phase  growths  very  quickly  at  the  cathode 
surface  located  under  ribs  of  interconnects.  On  the  contrary,  SrCr04 
phase  formation  is  slower  under  channels  of  interconnects.  In 
spite  of  different  mechanisms  involved  under  ribs  and  channels, 
Cr  migration  from  Crofer22APU  to  LSCF  is  observed  in  both  cases. 
Moreover,  any  cathode  elements  diffuse  to  the  interconnect  during 
ageing.  Two  mechanisms  for  SrCr04  formation  were  proposed:  (i) 
fast  solid  state  reaction  under  the  ribs  of  interconnects,  (ii)  slower 
gas  phase  reaction  under  the  channel  of  interconnects.  Note  that 
both  mechanisms  are  depending  on  ageing  time.  Experiments  car¬ 
ried  out  under  dry  air  confirmed  the  suggested  mechanism  for  gas 
phase  reaction.  Moreover,  contribution  of  gas  phase  mechanism 
under  the  ribs  was  highlighted. 

On  interconnect  rib  in  contact  with  cathode  pellet  XRD 
analysis  showed  the  formation  of  a  new  phase  (Mn203)  after 
ageing.  Cr  migration  during  solid  state  diffusion  causes  Cr  loss, 
(Cr,Mn)304  destabilization  and  subsequent  Mn203  formation.  This 
may  become  a  problem  for  interconnect  long  term  mechanical  sta¬ 
bility. 

On  one  hand,  the  chemical  etching  performed  on  interconnects 
was  not  efficient  to  reduced  SrCr04  formation  under  ribs  for  long 
ageing  time.  The  spinel  phase  did  not  act  like  a  barrier  for  Cr 
solid  state  diffusion.  On  the  other  hand,  growth  of  parasite  phase 
was  decreased  under  channels  after  chemical  etching.  The  pro¬ 
moted  growth  of  the  spinel  phase  at  grain  boundaries  permitted  to 
decrease  the  vaporization  of  Cr.  This  suggests  that  chemical  etching 
is  a  method  only  to  reduce  locally,  not  to  avoid  completely,  SrCr04 
formation. 
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